Although important progress has been made recently in the elucidation of the molecular mechanisms that regulate differentiation and morphogenesis of endoderm-derived tissues such as pancreas and liver, less is known about the preliminary steps of early regional specification. Recent evidence supports the proposal that the early endoderm contains a bipotential precursor cell type for pancreas and liver. We have also previously shown that the activity of the homeobox gene Prox1 controls hepatocyte migration during liver morphogenesis. Using detailed comparative analysis of whole embryos and reverse transcriptase polymerase chain reaction of dissected embryonic endoderm, we have now determined that in the early endoderm, Prox1 expression is restricted to regions giving rise to the mammalian pancreas and liver. This finding indicates that Prox1 is one of the earliest specific markers of this commonly fated region of the mammalian endoderm. q
Results and discussion
The definitive endoderm of the mouse first appears as a sheet of 500-1000 cells at the distal cup of the E7.5 embryo (Wells and Melton, 2000) . These cells will eventually give rise to most of the epithelia of the organs of the digestive and respiratory tracts. After gastrulation, anterior movement and folding of the head process generate the foregut pocket, a region that is lined with a single layer of endodermal cells. Simultaneous invagination of the tail fold toward the midline gives rise to the hindgut, and by E9.5, the gut tube (i.e. fore-, mid-and hindgut) is formed (Zaret, 1996) .
Foregut endoderm is a multipotent tissue from which organ primordia (i.e. liver, lungs and pancreas) are generated along the anterior-posterior axis of the body. This process is regulated by the coordinated activity of many different factors. For example, Shh is expressed nearly the entire length of the gut tube, but for the dorsal pancreas to develop, Shh expression must be repressed by signals emanating from the notochord (Hebrok et al., 1998) ; in the absence of notochord signaling, the expression of pancreatic genes is lost. However, these repressive signals are permissive rather than instructive; non-pancreatic endoderm does not express pancreatic genes in the presence of notochord tissue in culture (Kim et al., 1997) . In contrast, Shh expression is essential for lung morphogenesis (Bellusci et al, 1997) . The opposing effects of Shh in different regions of the foregut endoderm indicate the pre-existence of an anterior-posterior pattern prior to induction of specific tissues.
The vertebrate liver is derived from both, the endoderm of the ventral foregut and the mesenchyme of the septum transversum. Movement of the head fold brings a region of the foregut endoderm into close proximity with the cardiac mesenchyme; thus, liver specification occurs. The hepatic endoderm proliferates to generate the liver bud from which early hepatocytes migrate in a cord-like fashion into the mesenchyme of the septum transversum. In the mouse, these changes begin at E8.0, and by E10.5, the fundamental sinusoidal structure of the liver emerges. Extensive research of the hepatic development of the chick (Le Douarin, 1975) has demonstrated that hepatic specification of the foregut endoderm depends on contact with the cardiac mesenchyme and that a soluble factor secreted from this region mediates this process. Until recently, however, the identity of this factor has remained elusive. Jung et al. (1999) showed that fibroblast growth factor (FGF)1 and FGF2 can induce isolated mouse foregut endoderm to express liver genes. Therefore, specific FGFs can replace cardiac mesenchyme in the first step of hepatogenesis but only in endoderm that coexpresses FGF receptors 1 and 4. Subsequent work by Rossi et al. (2001) revealed that signaling from the cardiac mesenchyme alone was insufficient to promote the hepatogenic response. Bone morphogenic protein (BMP) signals originating from the mesenchymal cells of the septum transversum are required for hepatic induction, as indicated by a delay in liver bud formation in BMP4-null mice (Rossi et al., 2001) . Prehepatic ventral endoderm maintained in culture with septum transversum and cardiac mesenchyme failed to express albumin in the presence of the BMP antagonist Xnoggin. The demonstration that BMPs are required for hepatic specification questioned the ability of FGFs alone to induce the hepatic fate. However, later evidence suggested that the original transplant experiments were probably contaminated with septum transversum tissue, which would have provided the cultures with a source of BMP. Therefore, FGF and BMP signaling are required for determination of the hepatic fate, and precise and timed tissue movements are necessary to correctly position the presumptive hepatic endoderm adjacent to the developing heart. Interestingly, the ventral foregut endoderm gives rise to both the liver and the ventral pancreas. The latter is derived from the distal tip of the ventral foregut, which is a region that extends away from the developing heart. Foregut endoderm maintained in culture in the absence of the cardiac mesoderm initiates pancreatic gene expression; this finding indicates that the foregut endoderm adopts a pancreatic fate by default in the absence of permissive signals (Deutsch et al., 2001) .
The lack of specific markers hampered further progress in the understanding of the molecular basis of early liver development. Recently, two homeodomain-containing transcription factors, Hex and Prox1, have been implicated in liver morphogenesis. Expression of Hex in the ventral foregut endoderm is first detected at approximately the same time (E8.5) that hepatic specification occurs (MartinezBarbera et al., 2000) . Hex-null mice exhibit an arrest in the development of the hepatic bud and a loss of expression of hepatic markers (Keng et al., 2000) .
Prox1 is first detected in the hepatic endoderm of the mouse at the 7-8 somite stage (E8.5). Although Prox1 plays no role in hepatic specification, it is required for the migration of hepatocytes into the septum transversum (Sosa-Pineda et al., 2000) . Here we compare the profile of Prox1 expression in the developing mouse endoderm with that of several genes that are important for hepatic specification and growth.
Prox1 expression during early mouse development
We have previously reported the inactivation of the mouse Prox1 gene by the in-frame insertion of the lacZ gene. The lacZ gene, which encodes b-Gal, was inserted at amino acid 224 of Prox1 . The resulting lacZ activity allowed us to easily detect cells that normally express Prox1 throughout development. At approximately E7.5 (middle streak), Prox1 expression was first detected in the region of the node at the distal tip of the embryo (Fig. 1A, arrow) . This early expression corresponds approximately to the region of Hnf3 b expression (Fig. 1B) , a gene that is expressed in the node and whose activity is required for the formation of the node and notochord (Ang and Rossant, 1994) . In contrast to Hnf3 b , the lack of Prox1 activity does not affect the formation of these structures or gastrulation .
Prechordal mesoderm, notochord, and the definitive gut endoderm are node-derived tissues; therefore, we can predict that the early expression of Prox1 around the node region identifies the presence of the developing gut endoderm. As development proceeded (6-10 somites), the expression of Prox1 followed the regression of the node along the embryonic midline (Fig. 1C , D, arrows) to become located near the hindgut at the caudal end of the embryo. At a later stage (10-12 somites), Prox1 expression was also . Whole-mount in-situ hybridization using DIG-labeled antisense RNA probes showed the presence of Hnf3 b in the region of the node. As development progressed (6-10 somites), Prox1 expression moved caudally with the regression of the node (C and D, arrows). At the 10-12 somite stage (E), Prox1 was detected in the hepatic endoderm (black arrowheads). At the 15-18 somite stage, Prox1 expression had increased in the liver bud (black arrowhead) and become detectable in the dorsal pancreas (yellow arrowhead). In the tail bud region, expression in the hindgut (red arrowhead) is evident near the region of the node (arrow). A white arrowhead indicates the anterior cephalic region. detected in the region that corresponded to the hepatic endoderm anlagen adjacent to the developing heart (Fig. 1E , black arrowhead). This early specific expression in the region of the future liver indicates that Prox1 is one of the small number of genes that specifically delineate the early hepatic endoderm. At E9.0 (15-18 somites), Prox1 expression around the regressing node, in the caudal-most region of the embryo (Fig. 1F, arrow) , bifurcates into the tail bud (Fig. 1F, red arrowhead) . The potential of the tail bud to give rise to the gut endoderm has been previously reported (Tam, 1984) .
At approximately the 15-18 somite stage (Fig. 1F ), Prox1 expression becomes detectable in another endodermal derivative, the developing dorsal pancreas (yellow arrowhead). At around the 20 somite stage, Prox1 expression is obvious in both, the dorsal and ventral pancreas (Fig. 5A , yellow and black arrowheads, respectively). In the ventral pancreas, Prox1 expression is indistinguishable from the hepatic bud because of the intensity of X-gal staining in this region. The specific endodermal expression of Prox1 in the developing liver and ventral pancreas is of interest, considering the recent report by Deutsch et al. (2001) who proposed that these two tissues, which are specified at the same time and in the same embryonic region, originate from a population of bipotential precursor cells within the mouse embryonic endoderm.
Comparison of patterns of gene expression during the development of the pancreas and liver
To precisely characterize the endodermal expression of Prox1 during development, we compared it with that of five additional genes that are known to be involved in different aspects of hepatic and pancreatic specification, outgrowth, and differentiation. As previously indicated, Prox1 expres-sion was first detected in the region corresponding to the early hepatic endoderm at late E8.5 ( Figs. 2A and 3A , black arrowheads). At this stage, the cut-homeodomain-containing gene Hnf6 is exclusively expressed in the same hepatic endoderm region (Figs. 2B and 3B, arrowheads) . The activity of Hnf6 is essential for inducing the expression of other Hnf family members at the onset of liver differentiation. Hnf6 is also essential for propagating liver differentiation by upregulating Hnf3 b , a liver-enriched forkhead transcription factor that is also expressed in the hindgut, notochord, and floorplate of the neural tube (Rausa et al., 1997) .
At E8.5, Hnf3 b transcripts were barely detectable in the hepatic endoderm (Figs. 2C and 3C, arrowheads) ; however, its expression along the embryonic midline was already quite robust (Fig. 2C) . The expression of the homeobox gene Hex in the definitive endoderm is required for normal development of the forebrain, liver, and thyroid gland (Martinez-Barbera et al., 2000) . We detected high levels of Hex in the hepatic endoderm at E8.5 (Figs. 2D and 3D, arrowheads); the pattern of Hex expression parallels that of Prox1 and Hnf6 (compare A, B, and D in Figs. 2 and 3) . In contrast and as previously reported, transcripts encoding the signaling molecule BMP4, whose activity is essential for hepatic specification (Rossi et al., 2001) , were detected only in the cardiac mesenchyme and septum transversum mesenchyme (Figs. 2E and 3E, arrowhead) .
Shh expression in the developing gut is essential for the patterning of the foregut endoderm; however, endodermal repression of Shh is required to allow pancreatic gene expression (Hebrok et al., 1998) . Shh was detected in the hindgut (Fig. 2F, red arrowhead) and notochord, whose posterior boundary is indicated (Fig. 2F, arrow) . As expected, Shh expression was not present in the regions that are destined to a hepatic or pancreatic fate (Figs. 2F and 3F, arrowheads).
Prox1 expression in the hindgut and posterior notochord
Interestingly, Prox1 expression in the notochord was restricted to only its most caudal portion. To determine the exact location of the most caudal expression of Prox1 in relation to that of Hnf3 b and Shh, we subjected late E8.5 Prox1-heterozygous embryos to whole-mount in-situ hybridization followed by whole-mount immunolabeling. Embryos were hybridized with antisense RNA probes for Hnf3 b and Shh and was then followed by immunodetection with an anti b-Gal antibody to detect Prox1. Embryos were then sectioned transversely (i.e. posterior to anterior) to visualize the organization of the closing neural plate, notochord, and hindgut. Both Hnf3 b and Prox1 were expressed in the most posterior sections and in mutually exclusive regions of the hindgut (Fig. 4A, section 1A) . Prox1 was localized in the dorsal endoderm of the hindgut (red arrow) below the region of pre-notochordal mesenchyme, and Hnf3 b transcripts were located more laterally (arrowheads). Examination of more anterior sections revealed that Prox1 expression extends further posterior than Hnf3 b in the newly condensed cells of the notochord (notochordal plate), which is just above the region of Prox1 expression in the dorsal hindgut (Fig. 4A , section 2A, black and red arrows, respectively). In more anterior sections, both genes appeared to be coexpressed in the condensed notochord (Fig. 4A, section 3A, arrow) . A more diffuse expression of Prox1 is present in the cells that are lateral to the area of intense expression in the notochord; this expression may indicate that these cells are being recruited into this structure. Interestingly, although most endodermal cells in the , and Shh were used for whole-mount in-situ hybridization of E9.5 embryos. Hnf6, Hnf3 b, and Hex transcripts were detected in the hepatic bud (black arrowheads), while Shh expression was absent in the hepatic bud and detected only in the foregut (green arrow). Pdx1 expression was detected in the ventral (yellow arrow) and dorsal (yellow arrowhead) pancreatic buds. mouse originate from the epiblast, Wilson and Beddington (1996) have proposed that the dorsal hindgut endoderm (Prox1-expressing region) originates from cells of the ventral node that will give rise to the notochord.
In our comparison of Prox1 and Shh expressions in E8.5 embryos, we found a similar type of mutually exclusive pattern of expression in the dorsal hindgut (Fig. 4B , section 1B) Shh expression was detected in the ventral portion of the hindgut (arrowhead), and Prox1 was restricted to the dorsal portion (red arrow). In the notochord, Prox1 and Shh appeared to be expressed over the same region in the most posterior sections (Fig. 4B, section 1B) .
Prox1 expression delineates the pancreatic and liver buds at E9.5
At E9.5 (18-20 somites), Prox1 expression was strong in the hepatic and dorsal pancreatic regions (Figs. 5A and 6A, black and yellow arrowheads, respectively). At around this stage, the expression of Hnf6 in the hepatic bud is weaker than at E8.5 (Figs. 5B and 6B, arrowhead) . In contrast, Hnf3 b levels were considerably higher at E9.5 and were clearly detected in the liver bud, in a narrow region adjacent to the heart (Figs. 5C and 6C, arrowheads). Strong expression of Hex was maintained in the liver bud of E9.5 embryos (Figs. 5D and 6D, arrowhead) , and its activity promotes the subsequent outgrowth of the liver bud into the septum transversum (Martinez-Barbera et al., 2000) . Expression of the pancreas-specific marker Pdx1 (Figs. 5E and 6E) was restricted to regions that correspond to the ventral (yellow arrow) and dorsal (yellow arrowhead) pancreas. Transcripts of Pdx1 were not found in the liver bud; however, Prox1 , and Shh were used for whole-mount in-situ hybridization of E9.5 embryos. Hnf6, Hnf3 b, and Hex transcripts were detected in the hepatic bud (arrowheads), while Shh expression was absent in the hepatic bud and detected only in the foregut endoderm (green arrowheads). Pdx1 expression was detected in the ventral (yellow arrow) and dorsal (yellow arrowhead) pancreatic buds. was expressed in both the liver and pancreatic buds (compare A and E in Figs. 5 and 6 ). Finally, Shh was expressed in the foregut endoderm (Fig. 5F , green arrow and Fig. 6F , green arrowheads) but not in the pancreatic and hepatic regions.
1.5. E8.5 b -Gal-positive endodermal cells comprise the hepatic and pancreatic precursors As previously shown by fate-mapping experiments (Lawson et al., 1986) and later confirmed by the use of molecular markers (Wells and Melton, 2000) , mouse endoderm has an anterior-posterior identity by E7.5. At E8.5, during gut formation, several pancreatic and hepatic genes become detectable along different regions of the endoderm (Wells and Melton, 2000) . At this stage, the detection of the pancreatic markers is only possible by reverse transcriptase polymerase chain reaction (RT-PCR) analysis of gut tube regions.
To determine whether the E8.5 Prox1-positive endodermal cells around the developing hepatic region may also include pancreatic precursor cells, we sorted the b-Gal-positive cells by FACS analysis. Semi-quantitative RT-PCR analysis of the cDNAs generated from the sorted b-gal positive cells showed high levels of Prox1 (Fig. 7, lane 3) and albumin (Fig. 7, lane 1) , which is one of the earliest markers of newly specified hepatic endoderm, and a much lower level of the pancreatic marker Pdx1 (Fig. 7, lane 2) .
These results indicate that the b-Gal-positive cells present in the region of the early hepatic endoderm comprise two cell types; most correspond to hepatic precursors and a few correspond to pancreatic precursors. The pancreatic precursors probably represent the distal tip of the foregut endoderm that will become the ventral pancreas.
The results presented here also suggest that as early as E8.5, Prox1 is localized in endodermal regions of the developing embryo fated to become liver, pancreas, and dorsal hindgut.
From this work, we can conclude that Prox1-expressing cells in the early endoderm comprise both pancreatic and hepatic cell types. Here we showed that Prox1 is the earliest known specific marker of both, the ventral pancreatic and liver anlagen regions in the endoderm.
Materials and methods
2.1. Isolation of stage-specific embryos for X-gal staining and whole-mount in-situ hybridization Prox1-heterozygous embryos were dissected in PBT (phosphate buffered saline (PBS) and 0.1% Tween 20) and fixed for 1 h in 4% paraformaldehyde (PFA) at 48C. After fixation, embryos were rinsed several times in PBT and processed for X-gal staining or whole-mount in-situ hybridization by using the following protocols.
X-gal staining
Embryos were placed in a solution that contained 2X PBS, 50 mg X-gal in dimethylformamide, 20 mM K 3 Fe(CN) 6 , 20 mM K 4 Fe(CN) 6 , 2 mM MgCl 2 and 0.2% Nonidet-40; the embryos were then incubated at 308C overnight. Stained embryos were rinsed in PBT and post-fixed in 4% PFA for 1 h.
Whole-mount in situ hybridization
Digoxygenin (DIG)-labeled antisense RNA probes were generated for Hnf6, Hnf3 b , Bmp4, Hex and Shh following standard procedures. The Pdx1 construct used for in vitro transcription of RNA probes was generated by subcloning a 800 bp PCR fragment (see later for Pdx1 primer sequences) amplified from the full length cDNA sequence. Embryos were dehydrated by using a series of washes that contained 25, 50, or 75% methanol in PBT, and a final wash containing 100% methanol; embryos were then rehydrated through the reverse of this series of washes. The embryos were then treated with 10 mg/ml proteinase K in PBT for a period of time determined by their age (i.e. 1-2 min for E7.5, 2-3 min for E8.5, or 5 min for E9.5). After proteinase K, treatment embryos underwent a single wash for 5 min in 2% glycine (2 mg/ml in PBT) and two 5-min washes in PBT. Embryos were fixed again in a solution of 0.2% glutaraldehyde and 4% PFA in PBT for 20 min and washed twice with PBT for 5 min each.
Prehybridization was carried out at 708C for 1 h in a solution containing 50% formamide, 5 £ SSC (pH 4.5), 50 mg/ ml yeast tRNA, 1% sodium dodecyl sulfate (SDS) and 50 mg/ ml heparin. Probes were diluted to 1 mg/ml in prehybridization mix. Embryos were hybridized overnight at 708C. The following solutions were used for subsequent washes: solution 1 contained 50% formamide, 5 £ saline-sodium citrate buffer (SSC) (pH 4.5), and 1% SDS; solution 2, 0.5 M NaCl, 10 mM Tris HCl (pH 7.5), and 0.1% Tween 20; and solution 3, which contained 50% formamide, 2X SSC (pH 4.5). After hybridization, the embryos underwent two 30-min washes in solution 1 at 708C, a single 10-min wash in equal parts of solutions 1 and 2 at 708C and three 5-min washes in solution 2 at room temperature. Embryos were treated with 100 mg/ml RNAse in solution 2 for 30 min at 378C and washed in sequential 5-min washes of solutions 2 and 3. Finally, embryos underwent two 30-min washes in solution 3 for 30 min each at 658C and three 5-min washes in Tris-buffered saline containing 0.1% Tween-20 (TBST) at room temperature. Embryos were then blocked in a solution of 2% fetal calf serum and 2% blocking solution (Roche) in maleate buffer (100 mM Maleic acid and 150 mM NaCl (pH 7.5)) for 1 h.
The embryos were incubated overnight in blocking solution that contained anti-digoxygenin antibody (dilution ratio, 1:2000). Excess antibody was removed by three 5-min washes in TBST, five 1-h washes in TBST, 30-min wash in NTMT (100 mM NaCl, 100 mM Tris HCl (pH 9.5), 50 mM MgCl 2 , 0.1% Tween-20 and 2 mM Levamisol). Embryos were then incubated in 20 ml/ml NBT/BCIP substrate (Roche) in NTMT until color developed (3h-2 days).
2.4. Whole-mount in-situ hybridization followed by immunolabeling of b-Galactosidase After whole-mount in situ hybridization, embryos were incubated overnight with anti-b-Galactosidase (b-Gal: 1:1600; anti-Rabbit, Cappel/ICN) and anti-digoxygenin (1:2000; Roche) and washed as described above. Before they were incubated with NTMT, the embryos were subjected to an additional overnight incubation at room temperature with a biotinylated secondary anti-rabbit antibody (1:200; Jackson ImmunoResearch Laboratories). After several washes with TBST, the NBT/BCIP reaction was allowed to proceed until color developed. After extensive rinsing in TBST, the embryos were incubated for 1 h in ABC solution (VectaStain kit; Vector Laboratories), washed twice in TBST for 30 min each, and were incubated in diaminobenzidine (DAB; Research Genetics) solution until the chromogenic reaction was complete. Embryos were washed several times in TBST and then processed for photography.
Sectioning of E8.5 embryos
Embryos were embedded in 7.5% gelatin-sucrose, as described by Stern (1993) . Gelatin blocks were frozen on dry ice and 14 mM cryosections were made. Slides were washed in PBS at 378C to remove the gelatin. The slides were then rinsed in distilled water, and coverslips were attached with Gel/Mounte (biomedia corp.).
Cell sorting and RT-PCR analysis
The hepatic region was removed from E8.5 embryos. The tissue was digested with Trypsin-ethylenediaminetetraaceticacid (EDTA) (0.05% Trypsin/0.53 mM EDTA; Gibco) and a single cell suspension was prepared. The DetectaGene Green CMFDG lacZ Gene Expression kit (Molecular Probes) was used to fluorescently label cells that expressed b-Gal and FACS was used to sort the labeled cells. RNA was isolated from the b-Gal-positive cells by using the Absolutely RNA Microprep kit (Stratagene), and cDNA was synthesized using the First-Strand cDNA Synthesis kit (Amersham). PCR reactions were done under the following conditions: 94 8C for 3 min, 598C for 45 s for Prox1 or 608C for 45 s for Albumin or Pdx1, 728C for 45 s and 948C for 45 s. These conditions were repeated for 35 cycles after the initial step. The primers used to detect albumin have been described previously (Gualdi et al., 1996) , and the primers used to detect Prox1 and Pdx1 were as follows:
Prox1-2 5 0 TACTGGTGACTCCATCATTGATG3 0 ;
Pdx1-1 5 0 CACAAGCTTGCGGCCACACAGCTCTAC3 0 ;
Pdx1-2 5 0 GAGGGATCCACACTCTGGGTCCCAGAC
